Y-branch optical waveguides are analyzed in terms of normalized parameters by means of the usual modal analysis. With these parameters the number of variables of the problem is reduced, and universal plots for the mode conversion are obtained. Our results show that the normalized parameters are useful for the design of branching waveguides more tolerant of fabrication errors.
Nonparallel waveguides are used in a large number of electro-optic switches and modulators, such as directional couplers and Mach-Zehnder and crossing channel switches.' It has been shown theoretically 2 that mode conversion in the converging or diverging regions caused by the asymmetries introduced in the fabrication process results in a degradation of the extinction ratio of the device. Usually such mode-conversion effects are studied by means of a numerical modal analysis in which the nonparallel waveguide sections are replaced by five-layer waveguide steps. 2 
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The object of the current study is to reduce the number of the variables involved in that treatment by introducing normalized parameters for branching waveguides. 5 This will enable us to obtain universal results for the mode-converted power and to establish rules of similarity among such waveguides.
Our first step is to introduce normalized parameters for the five-layer waveguide resulting from the superposition of two three-layer planar waveguides, as shown in Fig. 1 , where the refractive indices n 2 and n4 correspond to the guiding layers. In a similar way as for three-layer waveguides, 6 we define the normalized effective index for the eigenmodes: surrounding layers and p gives the internal asymmetry between the two guiding layers. This choice is somewhat arbitrary, but it suits our purposes. It can be seen straightforwardly that the eigenvalue equation for TE modes can be expressed entirely in terms of these normalized parameters. Therefore the solution for the normalized effective index b will be a function of the other six parameters.
We will limit ourselves to the case ni = n3 = n5 no, where no is the substrate index, which is the most common case in electro-optic switches. With this assumption we obtain a = g = 0, so the only variables that we have to deal with are V2, V 3 , V 4 , and p; b is a function of them. In this case the normalized parameter p offers an intuitive measure of the electromagnetic asymmetry of the structure, while its geometrical symmetry is related to V 2 and V4. Moreover, we will study only the case no < n2 < n 4 , so that p, b, e [0, 1] , since the opposite situation can be reduced to this one.
The optical Y branch was first studied by Burns and Milton 3 and Yajima 4 by means of a five-layer model and a step approximation (see Fig. 1 ). They showed (1) where N is the effective index and the normalized thicknesses for the guiding layers are
where k = 27r/X, X being the free-space waveleng We define as well the normalized separation betw( the guiding layers and three asymmetry coefficientE follows:
Thus a gives the external asymmetry between the 0146-9592/91/090636-03$5.00/0 © 1991 Optical Society of America that the input modes of the five-layer waveguide transform adiabatically into the modes of the output waveguides as they travel along the separating region. During this evolution, mode conversion occurs. This process can be expressed by the following equations:
which indicate the mode conversion at each step. Al,m and 1 3 i,m are, respectively, the complex amplitude and the propagation constant of mode 1 at step m, and Zm is the position of the step. Cij is the coupling coefficient between modes 1 and j and is given by
where Iij is the overlap integral between the corresponding mode field distribution evaluated at steps m and m + 1, respectively, and
1,m+l
Since Izj depends only on the transversal field distribution of modes I and j, it can be expressed entirely in terms of the normalized parameters given above. The normalized branching angle admits of an interesting interpretation since it makes clear that the effect of changing the direction of propagation in an optical waveguide increases as the ratio Wnhno decreases. As a matter of fact, for given values of p, V2, and V4, each value of the normalized branching angle sets up an equivalence class formed by branching waveguides with different refractive indices and branching angle but with equal 0.
By applying Eq. (5) in a recurrent way we obtain the final converted mode amplitudes. Since the calculation is carried up from V3,m = 0 to V3,m --, the final results will not depend on this variable. Thus we have Aja = Aj, (V 2 , V4,p, 0) .
Using the normalized five-layer model, we have studied the effect of the asymmetries in a branching waveguide like that of Fig. 1 , assuming that the TEo mode with a unity power is launched in branch A and that the modes propagate toward branches B and C. We have used in our calculations discrete steps with AV 3 = V3,m+l -V3,m = 0.002. In Fig. 2 we show the behavior of the total converted power from TEo to TE, modes of the structure as a function of the normalized branching angle 0 for the case V2 = V4 = 3, taking p as a parameter. As expected, the amount of converted mode power increases with the branching angle until it reaches a saturation level. 4 In this case the exponential terms in Eq. (5) tend to 1, so Eq. (5) reduces to
Then, provided that 5n/no << 1 and the expression enclosed in brackets takes on values between zero and unity, Fj will be a slowly varying function of the waveguide parameters, so C 1 j will depend basically on the normalized parameters.
In fact, our whole problem is z dependent, so we have an additional dimension. This means that we need to add a new parameter in order to normalize the exponential terms of Eq. (5). We proceed as follows.
By expanding (#j,m+i -13l,m)Zm in powers of 5n/no and keeping only first-order terms, we obtain On the other hand, any Y branch with 2 < V2 < 4 will exhibit a behavior placed within the limits shown in Fig. 3 . This means that in the neighborhood of the value p 0.2 the saturated output power is, for all practical purposes, not affected by a change in V2. Also, one can note that the behavior of the Y branch with V2 = 2 is less sensitive to variations of the parameter p than to other plotted Y branches. All this suggests that, since there are many different Y branches that act as 3-dB couplers, we can choose the refractive indices and widths of the layers in order to achieve the greatest degree of tolerance in the fabrication process.
In conclusion, normalized parameters for separating waveguides have been introduced by means of the usual modal analysis. Their range of applicability is determined by the condition 6n/no << 1 (see also Ref. 5 for some numerical calculations), which is a loose restriction in the domain of integrated optics since the index changes produced by the usual fabrication techniques are small. We have proved that, under this assumption, the behavior of the Y branch can be explained as a function of four parameters, namely, the normalized waveguide thicknesses of both output branches, the normalized branching angle, and the asymmetry parameter p. This enables us to reduce the number of variables with which we must deal and to obtain universal plots that establish rules of similarity among different Y branches. The plots obtained suggest that this can be useful for the design of Y branches that are less sensitive to fabrication tolerances. Moreover, the normalized parameters reported here provide a powerful tool for the study of the effects of the asymmetries in electro-optic switches. 8 Research in this direction is now in progress.
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